Herein is reported a simple and label-free fluorescent detection method for hemin based on using protoporphyrin IX (PPIX) as a fluorescent signal reporter. PPIX emits weak fluorescence in an aqueous solution. When PPIX binds to G-quadruplexes, the fluorescence intensity of PPIX is greatly increased. While in the presence of target hemin, hemin competes with PPIX toward G-quadruplexes because its affinity to G-quadruplexes is higher than that of PPIX. With the formation of the hemin-G-quadruplex complex, PPIX is released to the solution from the G-quadruplex accompanied by quenching of the fluorescence of the system. This fluorescence change of the system can be used to monitor hemin with a low detection limit of 36 nM. In addition, the possible binding sites for PPIX binding to the G-quadruplex are discussed based on competition between hemin and PPIX. What is more, this method might pave the way for applying G-quadruplexes and PPIX to more sensing systems.
Introduction
As is well known, hemin is a natural porphyrinatoiron complex that has lots of biological functions, such as catalases and peroxidases. 1, 2 Many researches have demonstrated that hemin has many effects on the human body. For instance, it can serve as a substrate and an inducer for heme oxygenase. 3 The low concentration of hemin can induce neuroglobin expression in neural cells, and accelerate the production of endogenous CO, which prevents damage caused by radicals. 4 But the high concentration of hemin has toxic effects on neurons, causing permanent brain secondary damage after a hemorrhagic stroke. 5 Moreover, hemin has been widely applied to pharmaceutical, the food industry, environmental science, bioscience and technology. [6] [7] [8] However, many studies have mainly focused on the catalytic activity of hemin in analytical applications. [9] [10] [11] [12] Research concerning the detection of hemin has been relatively scarce. Therefore, it is necessary to design a new strategy for a highly sensitive and selective detection of hemin.
The G-quadruplex is a four-stranded DNA structure based on stacked guanine tetrads, G-quartets, connected by Hoogsteentype base pairing. 13, 14 G-rich single stranded DNA can form different types of G-quadruplex conformations influenced by the sequences, coexisting metal ions, the concentrations of metal ions, and so on. [15] [16] [17] [18] These influencing factors endow the G-quadruplex with functions as biological sensing elements. [19] [20] [21] The G-quadruplex has also attracted intense research attention since it can bind a hemin forming hemin-G-quadruplex complex that exhibits the peroxidase-like activity. 1, 9 But that research on the G-quadruplex applied to the detection of hemin is relatively scarce. Our group previously reported on a detection system for hemin based on G-quadruplexes and reduced graphene oxide (rGO). 22 rGO was used to reduce the background signal for the low detection limit of hemin. Therefore, it is necessary to develop sensitive and simple sensors for hemin detection based on G-quadruplexes.
Protoporphyrin IX (PPIX), an anionic porphyrin, has been widely investigated over the past half century. It can interact with many proteins, [23] [24] [25] and serves as a photodynamic agent in cancer therapy. 26, 27 PPIX tends to aggregate into micelles in aqueous solution with low fluorescence, 28, 29 but its fluorescence intensity is drastically increased when it binds to G-quadruplexes. 30, 31 Also, PPIX does not influence the main structure of G-quadruplexes. 30 Although a few studies have reported on the interaction between PPIX and G-quadruplexes, there has been no report that accounts for how PPIX binds to G-quadruplexes. 32, 33 Herein, we present a label-free fluorescent assay for hemin using the G-quadruplex (PS2.M) and PPIX. The whole detection strategy for hemin is shown in Scheme 1. The fluorescence intensity of PPIX was very low in aqueous solution. When PPIX bound to the G-quadruplex, its fluorescence intensity was enhanced dramatically. However, the fluorescence intensity was decreased in the presence of hemin. Hemin replaced PPIX binding to the G-quadruplex with the formation of the hemin-Gquadruplex complex. Meanwhile, PPIX was released to the aqueous solution, resulting in a fluorescence decrease of the system. This new strategy makes it possible to detect hemin based on the competition between hemin and PPIX binding to the G-quadruplex by fluorescence spectroscopy. The possible binding sites for PPIX binding to the G-quadruplex are discussed.
Experimental

Reagents
Protoporphyrin IX (PPIX) was purchased from Aldrich. Hemin, dimethyl sulfoxide (DMSO), and other reagents used were purchased from Aladdin Reagent Co., Ltd., Shanghai, China. Tris-HCl buffer 1 (pH 7.4) contained 50 mM Tris and 1 mM EDTA. Tris-HCl buffer 2 (pH 7.4) contained 50 mM Tris, 1 mM EDTA, 20 mM NaCl, and 100 mM KCl. Stock solutions of hemin (5 mM) and PPIX (160 μM) were prepared with DMSO and stored in the dark at -20 C. The required concentrations of PPIX and hemin were freshly diluted with the corresponding Tris-HCl buffer. All other reagents that were of analytical reagent grade were used without further purification, and were prepared by ultrapure water with a resistivity of 18.2 MΩ cm in this work.
The oligonucleotides (Table S1 ) used in this paper were synthesized and HPLC-purified by Sangon Biotechnology Inc. (Shanghai, China), and used without further purification. All DNA oligonucleotides samples (100 μM) were prepared by dissolving them into Tris-HCl buffer 2. They were then heated at 88 C for 10 min, and gradually cooled to room temperature to completely form G-quadruplex structures. Subsequently, the concentration of oligomer was accurately quantified using UV-vis absorption spectroscopy with the following extinction coefficients (ε260 nm, expressed in units of M -1 cm -1 ) for each nucleotide: A = 15400, G = 11500, C = 7400, and T = 8700. In addition, the PS2.M (100 μM) was prepared in the Tris-HCl buffer 1 as control experiments.
Apparatus
Fluorescence spectra were recorded using a Hitachi F-4500 spectrofluorophotometer (Tokyo, Japan) equipped with a 150-W xenon lamp. The slits (Ex/Em) were set at 10.0/10.0 nm and the PMT voltage was 400 V. The emission spectra were recorded in the wavelength range from 550 to 750 nm upon excitation at 410 nm. The excitation spectra were recorded in the wavelength range from 300 to 500 nm upon emission at 633 nm. The absorption spectra were collected on a UV-vis 2450 spectrophotometer (Shimadzu, Japan).
To mix solutions completely, a rapid mixing device (Ronghua Instrument Plant, Jiangsu, China) was used. The pH values were adjusted on a pHS-3C pH meter (Shanghai Analytical Instrument Factory, Shanghai, China).
Fluorescence measurements
A typical detection of the hemin procedure was conducted as follows: a PS2.M solution (50 μM, 10 μL) and PPIX solution (160 μM, 3.2 μL) were mixed with suitable amounts of a hemin solution in 50 μL of a Tris-HCl buffer solution 2. After being intensively mixed well, the mixture was incubated in the dark at room temperature for 1 h. At last, the solution was diluted to 500 μL with Tris-HCl buffer solution 2, and then transferred to a 1 cm path-length quartz cell, and the fluorescence spectra were recorded in the wavelength range of 550 to 750 nm by a spectrofluorophotometer. Also, the fluorescence intensity at the maximum excitation and the emission wavelengths (λex = 410 nm, λem = 633 nm) was measured.
UV-visible absorption measurements
The competitive interaction between hemin and PPIX binding to the G-quadruplex and the way in which the G-quadruplex promoted the fluorescence intensity of PPIX were investigated by UV-vis absorption spectroscopy, which were reflected by the changes of the UV-vis absorption peak and the hyperchromicity of the Soret bands, respectively. The absorption spectra were collected in the wavelength range of 340 -480 nm.
Results and Discussion
Design strategy
As shown in Fig. 1 , the fluorescence intensity of PPIX was very weak with an emission peak at 623 nm, since PPIX tends to aggregate into micelles in aqueous solution (Fig. 1, curve a) , but the fluorescence intensity of PPIX was remarkably promoted when PPIX reacted with PS2.M to form a PPIX-PS2.M complex with an emission peak at 633 nm (Fig. 1, curve b) . While in the presence of the target hemin, the fluorescence intensity of the system was significantly decreased (Fig. 1, curve c) , which was attributed to that the PPIX-PS2.M complex was destroyed by specific binding between hemin and PS2.M, accompanied by the release of PPIX to the aqueous solution. Moreover, the hemin-PS2.M complex had no fluorescence, as shown in Fig. 1 , curve d. Therefore, the fluorescence intensity of the system was decreased in the presence of hemin. The simple strategy for hemin detection was designed successfully.
To ensure that the fluorescence enhancement of PPIX is related to the G-quadruplex folding of PS2.M, the fluorescence spectra of PPIX with different DNAs were studied when the PPIX concentration was increased and the DNA concentration was fixed at 1 μM (Fig. S1 ). The fluorescence intensity of PPIX with PS2.M prepared in Tris-HCl buffer 1 remained almost unchanged with increasing concentration of PPIX (Fig. S1, curve a) . However, the fluorescence intensity of PPIX with PS2.M, prepared in Tris-HCl buffer 2, was drastically enhanced, and then leveled off with increasing PPIX concentration (Fig. S1, curve b) . This phenomenon showed that buffer solutions were essential for the formation of G-quadruplex with PS2.M. PS2.M, a G-rich oligonucleotide, was in a random coil structure in Tris-HCl buffer 1 (without K(I) and Na(I)), which did not enhance the fluorescence intensity of PPIX. However, PS2.M formed a G-quadruplex structure that was stabilized by the Hoogsteen hydrogen bonds between four G-bases in Tris-HCl buffer 2 containing K(I) and Na(I). 34 The K(I) or Na(I) was located inside the cavity of the G-tetrad, and a stable PPIX-PS2.M complex was formed, resulting in an increase of the fluorescence intensity of PPIX. To further prove that the fluorescence intensity enhancement of PPIX was undoubtedly related to its binding to the G-quadruplex, another oligonucleotide, S0 (5′-CATACATCTCCTATTACGTC-3′), was chosen for this purpose. S0 showed little effect on the fluorescence intensity of PPIX, even though it was prepared in Tris-HCl buffer 2 (Fig. S1, curve c) . The reason was that S0 could not form the G-quadruplex, and always existed in a single strand form that did not bind PPIX, even in Tris-HCl buffer 2. This phenomenon was similar to that of Fig. S1 , curve a. Therefore, the reason for the increase in the fluorescence intensity of PPIX was that PS2.M formed the G-quadruplex and bound PPIX.
Moreover, we investigated how PS2.M promoted the fluorescence intensity of PPIX using the fluorescence emission and excitation spectra, and the UV-vis absorption spectra of PPIX under different conditions. As shown in Fig. S2 , the behavior of PPIX binding to PS2.M in Tris-HCl buffer 2 (Fig. S2, curve b) was similar to that of PPIX in DMSO media (Fig. S2, curve c) , whereas it was different from that of PPIX in Tris-HCl buffer 2 (Fig. S2, curve a) . Namely, the PPIX molecule was actually in a hydrophobic (albeit not entirely) environment when it bound to PS2.M in the aqueous buffer, which led to a high fluorescence intensity of PPIX (Fig. S2A,  curve b) and hyperchromicity of the Soret band of PPIX (Fig. S2C, curve b) .
To prove that there was a competition between hemin and PPIX binding to PS2.M, the UV-vis absorption spectra under different conditions were investigated. As shown in Fig. 2 , the Soret bands of PPIX and hemin were centered at 395 nm (Fig. 2 , curve a) and 388 nm (Fig. 2, curve c) , respectively. Also, a sharp hyperchromicity in the Soret bands was observed when PPIX and hemin bound to PS2.M. In addition, the Soret bands of PPIX and hemin occurred to a red shift to near 409 nm (Fig. 2, curve b ) and 403 nm (Fig. 2, curve d) , which were characteristic Soret bands of the PPIX-PS2.M complex and the hemin-PS2.M complex, respectively. After hemin reacted with PPIX and PS2.M, the Soret band of the PPIX-PS2.M complex disappeared, and that of hemin-PS2.M complex appeared near to 403 nm (Fig. 2, curve e) . This result demonstrated that hemin could compete with PPIX and destroy the PPIX-PS2.M complex, resulting in the formation of hemin-PS2.M complex. Moreover, according to the literature, hemin can bind to PS2.M with a dissociation constant of Kd ≈ 27 nM, 35 but PPIX binds to PS2.M with a dissociation constant of Kd ≈ 79 nM. 30 Therefore, hemin has a stronger binding force to PS2.M than PPIX, which further explains why hemin can replace PPIX. In addition, when a more stable hemin-PS2.M complex was formed, more PPIX molecules returned to the solution again. Herein, the interaction between hemin and PPIX was studied (Fig. S3) . As shown in Fig. S3A , there was no spectroscopic overlap between hemin and PPIX, and the addition of increasing amounts of hemin to PPIX showed little effect on the fluorescence intensity of PPIX (Fig. S3B) . In addition, it was remarkable that the role of the G-quadruplex was to enlarge the fluorescence signal of PPIX and to decrease the detection limit for hemin.
So far, there has not been a report that accounts for how PPIX binds to G-quadruplexes. Possible models for the potassiumfolded PS2.M and the binding sites for hemin have been reported. 36, 37 Since hemin could compete with PPIX binding to the G-quadruplex, we speculated that the binding sites for PPIX binding to PS2.M were similar to that for hemin with PS2.M. PS2.M can fold into antiparallel G-quadruplexes (Fig. 3A) and parallel G-quadruplexes (Fig. 3B ) in the presence of K + and Na + . 30 As shown in Fig. 3A , PPIX bound to PS2.M through π-stacking upon the terminal G-quartet which was formed by G3, G9, G13, and G18. Moreover, loop guanines (G10, G12) might be proximal to PPIX. In addition, the two carboxyl groups with negative charge of the porphyrin ring and the intermolecular hydrogen bonds between the guanine bases of G-quartet were also conducive to the stability of the PPIX-Gquadruplex complex. When PS2.M folded into the parallel G-quadruplex (Fig. 3B) , PPIX bound to PS2.M through π-stacking upon the G-quartets, too. Two loop guanines (G10, G12) appear to be necessary for hemin binding, and one of them may serve as an axial ligand. 37 In addition, PPIX binds to the parallel G-quadruplexes with an ~1:1 stoichiometry (n). 30 In terms of these facts, the PPIX-G-quadruplexes complex should be one of the conformations in Fig. 3B , in which PPIX stacks on one terminal G-tetrad of folded PS2.M. In other words, PPIX should bind to G-quadruplexes through external π-stacking instead of intercalation between two adjacent G-tetrads.
Optimum conditions for the system
Effect of the G-rich oligonucleotide. In order to acquire highly sensitive detection of hemin, the effect of different G-rich oligonucleotides on the detection system was studied and optimized. Five extensively concerned G-rich oligonucleotides were comparatively studied (Table S1 ). As shown in Fig. S4 , the fluorescence intensity of the system was decreased with hemin binding to the G-quadruplex, which could be observed for almost all DNA sequences. The fluorescence intensity ratios, F0/F (where F0 and F represent the fluorescence intensity of PPIX before and after the incubation with hemin, respectively), were all greater than 1, but the ratio of F0/F with PS2.M was maximum. Also, the ratio with TBA15 was considerably small. According to the literature, 30 ,38 the oligonucleotides, except for TBA15, can form parallel G-quadruplexes, and the fluorescence signal of PPIX binding to parallel G-quadruplexes is much higher than that of PPIX binding to antiparallel G-quadruplexes. In addition, different G-quadruplex structures have different affinities to PPIX or hemin, which may be affected by coexisting metal ions. 30, 39, 40 Therefore, the ratios of F0/F of five oligonucleotides are different based on the above reasons. Also, PS2.M was more efficient than others for the hemin sensor. Effect of the PPIX concentration. The effect of the PPIX concentration in the range of 0 to 2.5 μM on the efficiency of a fluorescence increase was also studied when the concentration of PS2.M was set at 1 μM. As shown in Fig. S5 , the fluorescence intensity of the PPIX/PS2.M system in the absence of hemin was drastically increased with increasing concentration of PPIX (Fig. S5, curve a) . After the concentration of PPIX was beyond 1 μM, the fluorescence intensity of the PPIX/PS2.M system increased slightly. In addition, the fluorescence intensity of the system was almost unchanged in the presence of hemin (Fig. S5,  curve b) . Therefore, 1 μM PPIX was chosen as the optimum value. Effect of the reaction time. At room temperature, the ratio of F0/F was increased to reach the maximum within 1 h, and kept stable in the subsequent 60 min after hemin was introduced to the PPIX/PS2.M system (Fig. S6 ), indicating that 1 h was optimum for the reaction time of the system to sensitively detect hemin.
Sensitivity and selectivity for hemin detection
In view of appreciable changes in fluorescence property of the system toward hemin, the potential of developing a fluorescence method for the detection of hemin under the optimum experimental conditions was evaluated. In the absence of hemin, the PPIX/PS2.M system emitted strong fluorescence. The fluorescence spectra of the probe upon the addition of hemin are shown in Fig. 4A . The fluorescence intensity at the fluorescence emission peak at 633 nm was plotted against the concentration of hemin (Fig. 4B) . Moreover, a good linear equation (ΔF = 50.06C + 3.604, R 2 = 0.9979) between the difference value of the fluorescence intensity and the concentration of hemin over the range of 0.05 to 2.25 μM was obtained (Fig. 4C) . Also, the detection limit for hemin was 36 nM (3σ/slope, where σ is the standard deviation). Compared to some previous reported hemin detection methods (Table 1) , 22, [41] [42] [43] [44] [45] [46] this work shows some advantages, such as a lower detection limit and a simpler sensing procedure. It is worth noting that a simpler method with a lower detection limit (36 nM) has been developed compared to the previous report on detection of hemin based on G-quadruplexes. 22 The selectivity of the hemin sensing system was also investigated. As shown in Fig. 4D , when hemin was tested with adenosine (Ade), uridine (Uri), cytidine (Cyt), bovine serum albumin (BSA), thrombin (Thro), and lysozyme (Lys), the fluorescence response to hemin was much higher than that of these substances. The results showed that this fluorescent sensor had good selectivity for hemin, which was not interfered by other coexisting substances.
Conclusions
In conclusion, a G-quadruplex based platform has been demonstrated for a sensitive and selective assay of hemin with easy operation. This method mainly utilizes the competition between hemin and PPIX binding to the G-quadruplex to detect hemin with the decreased fluorescence of the system. The assay is also simple and economical without needing chemical labelling or complicated covalent modifications. In addition, the possible binding sites for PPIX binding to the G-quadruplex are discussed based on the competitive interaction of hemin with PPIX toward the G-quadruplex DNA (PS2.M).
Furthermore, this assay may contribute to apply the G-quadruplex and PPIX to future analysis. 
